a2 United States Patent

Saitou et al.

US008872091B2

(10) Patent No.: US 8,872,091 B2
(45) Date of Patent: Oct. 28,2014

(54)

(71)
(72)

(73)

")

@

(22)

(65)

(63)

(30)

(1)

(52)

SOLID-STATE IMAGING DEVICE
Applicant: Panasonic Corporation, Osaka (JP)

Inventors: Shigeru Saitou, Kyoto (JP); Kazutoshi
Onozawa, Osaka (JP)

Assignee: Panasonic Corporation, Osaka (JP)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by O days.

Appl. No.: 13/722,527

Filed: Dec. 20, 2012

Prior Publication Data

US 2013/0105666 Al May 2, 2013

Related U.S. Application Data

Continuation of application No. PCT/JP2011/000323,
filed on Jan. 21, 2011.

Foreign Application Priority Data

Jul. 1,2010  (JP) e 2010-151396

Int. Cl1.
HOIL 27/00 (2006.01)
HOIL 27/146 (2006.01)
G02B 27/44 (2006.01)
HO4N 1/03 (2006.01)
G02B 3/00 (2006.01)
U.S. CL
CPC ... HOIL 27/146 (2013.01); HOIL 27/14627
(2013.01); HOI1L 27/14629 (2013.01); G02B
27/44 (2013.01); HO4N 1/0306 (2013.01);
GO02B 3/0043 (2013.01)
USPC ... 250/208.1; 348/275; 348/294; 359/565;
359/574,359/575

(58) Field of Classification Search
CPC ............ HO1L 27/146; HO1L 27/14629; G02B
3/0043; GO2B 27/44
USPC ....ccoenee 250/208.1; 348/294, 275; 359/565,
359/574-575
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

7,663,084 B2 2/2010 Toshikiyo et al.
7,692,129 B2 4/2010 Toshikiyo et al.
7,851,837 B2 12/2010 Toshikiyo
8,004,595 B2 8/2011 Onozawa

(Continued)

FOREIGN PATENT DOCUMENTS

Jp 2006-351972 A 12/2006
Jp 2009-135236 A 6/2009
(Continued)
OTHER PUBLICATIONS

International Search Report issued in International Patent Applica-
tion No. PCT/JP2011/000323 dated May 10, 2011.

Primary Examiner — GeorgiaY Epps
Assistant Examiner — Kevin Wyatt

(74) Attorney, Agent, or Firm — McDermott Will & Emery
LLP

(57) ABSTRACT

The solid-state imaging device includes light collecting ele-
ments each of which includes a first light-transmissive film
group and a second light transmissive film group adjacent to
each other. The first light-transmissive film group and the
second light transmissive film group have mutually different
effective refractive index distributions for guiding at least two
types of incident light rays to the light receiving element.

18 Claims, 13 Drawing Sheets

N
Image corner'},
(P-end)

v

-4J.SL10
L
20




US 8,872,091 B2
Page 2

(56)

8,018,508

8,148,672
2006/0284052
2007/0146531
2007/0164329
2008/0076039
2008/0185500
2008/0291303

References Cited

U.S. PATENT DOCUMENTS

B2
B2 *
Al
Al
Al
Al*
Al*
Al*

9/2011
4/2012
12/2006
6/2007
7/2007
3/2008
8/2008
11/2008

Toshikiyo

Toda ..o, 250/216
Toshikiyo et al.

Toshikiyo

Toshikiyo

Ishiietal. ..o 430/5
Toshikiyo ... 250/208.1
Onozawa et al. ........... 348/294

2009/0020840 Al 1/2009 Toshikiyo et al.

2009/0141153 Al 6/2009 Onozawa

2011/0221022 A1*  9/2011 Toda ....ccccoevvvvviiininnn. 257/432
2012/0033126 Al*  2/2012 Ishii .ocoooviviiiiiiinn 348/340

FOREIGN PATENT DOCUMENTS
JP 2009-276717 A 11/2009

WO WO-2005/059607 Al 6/2005
WO WO-2005/101067 A1 10/2005

* cited by examiner



U.S. Patent Oct. 28, 2014 Sheet 1 of 13 US 8,872,091 B2

FIG. 1

500

0
% 0 -

—— b

o ] o o e o




U.S. Patent Oct. 28, 2014 Sheet 2 of 13 US 8,872,091 B2

FIG. 2




U.S. Patent Oct. 28, 2014 Sheet 3 of 13 US 8,872,091 B2

FIG. 3

(b)

< L31

A30

L32

o~
O
S’

>
|

OO OO -
oNbdoDON D

-

Radius (um)



U.S. Patent Oct. 28, 2014 Sheet 4 of 13 US 8,872,091 B2
FIG. 4
(S
:(a) Imaging region Imaging region Imaging region E
f center part middle part marginal part !
; L730 L21 LT30 127 1 F13%000 40
! s e LON i . o ..A.._,...L.’» ..... ==
. o /|
| i 50 |20
\ \\\x\\\x\\\‘: ;.:‘ ey » \tttktttﬁ'. 3 : .:" :
i WM/M MW;A.M :
1 BN LT31~\3§§§\;1‘='1'=:.“ T30
LT31 L T32 - LT3 2;

(b) Imaging region Imaging region Imaging region
; center part 44 middle parg marginal %argz d3

L20 SLlO |

ARMEARE ) 4:-

“wenmann

Radius (um)

-1.0-05 00 05 10

-1.0-05 0.0 05 1.0
Radius (um)

(c) Imaging region Imaging region Imaging region

f center part middle part marginal part

v L4FT N 1.4 1 L4 T
L1.2f 1.2 I 12§ E
I 1.0F 1.0 3 1.0f 3
{AnO.S: AnO.B— .E.AnO-S: g
1 0.6F 0.6 i 0.6F 3
P 04 0.4 ¥ 0.4Ff E
v 0.2F 0.2F i 0.2 d
t 0.0 Bt . 0.0 Bestiinnnnnnd 90k

]

1

1

Radius (um)

"1.0-05 00 05 10



US 8,872,091 B2

Sheet 5 0of 13

Oct. 28,2014

U.S. Patent

FIG. 5

i H
i g ]
: ]
= 19
1
e e e IR E T
& § D ) T W T
] o v ! [T} 1o Qs
t o~ f j A
t fan? e N | t H i [ b b )
f ey H AL AL LEL] i t — ﬁu. S_
H 1 “ H i () A3 U.
42 + 1 H :
FEE Oy I .m..,ﬁ : ; A 19 @
[§2] I i i O 3 t I I .OR_
R e T o1 @l i1 E a
[ e ' b m b 17
1 — Ny “ 1 — ¢ __I L T i
1 @ AR HE o © ; : :
e 88 L EC P _
= = Pl OGS v !
A v b @ = ! ' '
| E 2 NARER 1 ER P |
Coem B O R = b . !
| ARy V i 1 ]
i A . ! ! jo ¢
3 S Sl i i H n I 3 1
: * P ! i Q ul\m/.
I 0_ P ; ''th qn !
1 — I ! " 10 !
| > L e Ry 1o
Y IS v S ! o 12 4y
1 i I = ¢ jo B
t o R t 1 g.‘n § “ o I@ n5.|_
C ot R Py g = s 168!
= b =8 = o8
1 (o} i t [w)] 1 Al 10 i
2, R = . EE] i
TR W . o5 ” 1 ] i
. B9 & L 83 Lo o
t 3 N m = ] h 4 !
£ £ X I i = oo = :
1 W Vo ' ! I
“ Lo o i
]
m nNu = " ! o .”O |
I 1 3 1
1 buoet R W b ! 1 4 ed 7N
| o - L 1n E!
s ] -4
e W tl 8 T o 103
LD NS LD S e ol
§ ot B3RS ' ! 4% n
P 2E W AR = 12 123!
; 3 \ — » s
P oo N 2 D oa L i og ¢k 10T
3 : QT
CS e IR | € PR ] .
P oy @ E B D 6 . T EOF jox,
tm g AR St - B a2 i e O F E R
i E @ RN - = ! ! (TOTPTIN STRTI T, :
e R e PSS o o wNe@ueNe
S A RN i . 1 " - OO000O "
i “ A ” b~ c h
3 N 3 1 H C i
= e SOyt Dol s 'y




US 8,872,091 B2

Sheet 6 of 13

Oct. 28,2014

U.S. Patent

(pua-H) ned .mm_.m&m_t

N

B "
0¢1
01951 e

. (pus-q)
Jauloo abewy

N

JuoiBay BuiBewy  uoiBas Buibewr

yed Jajued
uoibau buibew]

Hed 3|ppiu

9 'Old




U.S. Patent Oct. 28, 2014 Sheet 7 of 13 US 8,872,091 B2

FIG. 7

SL10
o

AN
Nmmmmmanm—— e me ey

b
M




U.S. Patent Oct. 28, 2014 Sheet 8 of 13 US 8,872,091 B2

FIG. 8
100ll‘!lII]!!Il!llillllllllll![llll!lll!llll(]lllllll
- CL1 .
e‘.:’.::."--- SRERIEEY ..-___Q\~\'// -
80 - SR —
- O\\ '--. ..... .. 7
i \\ ". ]
Light 60} 9
collection - Q@ CL2 7
efficiency [ R i
(%) 40 - \\ —
I © ]
20 |- _
O _l 1 i I N | ’ TR NN A A it b I T S K T W T .‘fTT‘éD
0 10 20 30 40

Incident angle (° )



U.S. Patent Oct. 28, 2014 Sheet 9 of 13 US 8,872,091 B2

FIG. 9
Related Art

| ~

1 T T T
' i ' i 1 3 { ] 3 1

T i [ ¥ [ \ 1 L3OO
1 i

[ '




U.S. Patent Oct. 28, 2014 Sheet 10 of 13 US 8,872,091 B2

FIG. 10
Related Art
710
e T
§ . 705

FIG. 11
Related Art
100 T ‘ L2 J0E Mt A A I O Ill THTTTTTITT ] TTITFrirT1 17 I TT 11Ty 1reTrT ! [N I I I
| O--©0---6---0---a_ :
80 . -
B Q\ J
Light B ]
collection Q .
efficiency [ ]
(0/0) 40 i \\\ po—
- Q -
20 . ]
O ‘f 1 ‘ TR R % O O W I I il d b 1 30 0 0 I I { (SR IR SN I A | t@;?‘i‘l@l I—
0 10 20 30 40

Incident angle (° )



U.S. Patent

Center
<_.___..

Oct. 28,2014 Sheet 11 of 13 US 8,872,091 B2
FIG. 12
Related Art
58 7103
705 /
\ End
s;szzzsz;zszszy///% %555;:»*/14
FIG. 13
Related Art
; 1000]
@ e
{ l ]
/’*‘\
—
| | L3003

P;1 P12 P13




U.S. Patent Oct. 28, 2014 Sheet 12 of 13 US 8,872,091 B2

FIG. 14
Related Art

(a)
Imaging region Imaging region Imaging region
center part middle part marginal part

1
H
H
i
H
' 1
! '
! 1
! t
1 PESATIHI T 103 SVIVTIAVEI TSI 10] R RN AR AR SN 101
I EANAARNRSs ARERRY] 5 S AP . ARNENNAN AR, —
fl LAY \.\\\\.\\\\\‘k\\'x\‘.\ ‘:\\\\\‘\\\\'\\\.\\\ \\\\'\‘ \,\\\'\'\‘.\\\'\’\.\'\\\\\.\\\\\\\
}\\\\\\\‘\.\\\.\\\ NARARR AN BAARANERAR NN \“\ NSNS AERALARRAR RS RNANNY NSO i
L S S e e FAEAAARRNARARALNA RNV R ARRALER LS NANN RN S
\\\\\\\\\\\\.‘\\\\\\\\\\\\‘{ SRR AR R AR RN R AR AR AN R .\\.\\'\\\\'\\\\\\'\\\\\\\\\\" i
] \\\'\\\\\‘\.\\\\\\\\ SRR ARCOR R ARAN SRR S AR NN ANNNSY ‘s\\\\\.\ RN RN, i
1 .Y , O Sy )\\\\\\‘\\.\\\\\\\\\\\\\\\ '\‘\\\\\\\\\.\\‘
Ao N SANRERBA LA NANARA NN \\\\.\\ \\\\\\\\.\\\\\\xx\'& !
1 £ 7 . b \\.\\\-\.\\.‘.\\.‘s \‘-\\\ \\\ '\\‘\\.\‘\\\\\\\\\\\\\'\\\'\-\\ i
b AR R R LA AR AR AR LAY \\\\\\\\\\,\\\\\\\\\\\\\
! \\\\\\\\H\.\\\\'\\\k\\\\.\ \\\'\\\\\.\\\’s\\\\\\ 1
i 4 241N Rk e S MRS SRR RN 1
§ \\\\\\\\\\\\\\'\\\\ AN \\\\&\\\\\\\'\\"w\\.\\\\.\‘ \\\\\\\\\\\\\.\\\\7
h\\\\'\\\%\\\\\\\\’s\\\ AAARRRARALRLANAR AN RN Y . \‘\\'»\\\ '\\\\‘\\\\\‘\\Y H
i wwwv T RSN AN RN AN Y
| s RN Q’/ﬁttk&t\kktt‘czt“%——lﬁl '
i A A e e e ST N N R N )
' \\\\\\\\’k\\\\\\\? AR RN NR LAY LR AN A 06 S t
AR AR AN AR Y ,\\\\.‘»\\‘\\\\\\\V ARRCR RN i
t SANANARRNRLANNYY A% AR RN NN SRR RN
TRAERANAASRANY ‘\\\\\\‘s\\’\‘\\\ AANANRAANANNN Y ]
] AR RARSRANNYY \\\\'x\‘s‘t\, }\\\\\‘\.\.\\\\' ¥
1 ARERRRRALNY AERNAAN RN Y AR AR R AR
X AN LY RRIRY 13
. d S :
D A TR ooty S NN A N i
IR NN SARRARY AANRANAY i
‘ W S Y 12 1
: ey DS SRy -
o"o'o%’o’v‘.'o’too IS » SERRAT PAXIR e, XN 1
: KO ER] BRI RRIRERIRKY P 1 3
1
e - !

Imaging region Imaging region Imaging region
center part middle part marginal part

Py

'n
[
»
»
"
1
13
'Y
x
"
=

Imaging region Imaging region Imaging region
center part middle part marginal part

ErreTTYTT T T TETTTTTTT T

IO

NUBARIERR2R2E

>
=
B
=

OO

dfaesiasatanaleastaaalpiy

TYTTTTY

ONDBOOON B

IARASERES R
Leaitazad

3

CARZARAN EALPURAEL UL LI RRE)

ebdad g aadidaatatssfaas sl

-1.0-0.500 05 1.0 -1.0-0.5 0.0 05 1.0 -1.0-05 0.0 0.5 1.0
Radius (um) Radius (um) __Radius (um)

s diasrdansadiar el trasdasd tddededbebobdanbobmbded e bbbk LBt




U.S. Patent Oct. 28, 2014 Sheet 13 of 13 US 8,872,091 B2

FIG. 15
Related Art

]
I
1
1 - . - 3 » - I
. Imaging region Imaging region Imaging region !
¥ » - H
' center part middle part marginal part .
t
! PR CANTAL LAV AN AN AYY 1 1.] FEAATTANCSA NN ANI AN AANR 1 1J t
POamRaAAANNNNANANANANSANNANY T RAARIANLRSN AN ANA NN AN \
PORRANANANEAEANAANARNA TN, A EALIANANASSANANSN AN AN,
AARRAINAANRATAN R LU N RSN 0 SANVUANRNSAL L L LN Sy 1
IOARENERUR AN R LA R R NAN AN NANAN RENAACAALAANASARSARRNNNAN
ARAARAAR LU A RN NN AN AR LAY SOANA EALEAARTRAR R RS OANCARA N LAY I
R AARRNN SRARAANNANNNNNLANARNNNNAY |
| Ao\ 0 SRR AN AN NN NN AN NN AR NAA AN LN NN AN RN Y,
NN Bodsf ARAEANAAR RN EN N NN UR AN P S AN AR AR R A NS A ] 1
t AR oS R R S RARANRANAA LRSS AN N NN )
1 VARSI | ! AAAS AL LA U TN TR LN R e
PP A AN RARNREANAANANINSY S BANAANNNNT Y MRS i
t AN L, A R g RN N AN RSN A NS NN AR i
R S R Y CARENIANEATANAA NN NN BARALASANALRA VAN RN Y
UASAANS ARV LNA RN ANEASINARAANS A RN ALY R i
1 bty : PRNANEN NS NN A ALY ANANANNARANNCRAANRY '
| R ?,\\\\\\\\.x\\\\\\.\“\v RN AAN AN A AN, _,14
s , RN IR AN NA R R AR AN LY 7| ARARALANAALANEN NS 1
| - RS H RN RAN AR Ax\\\\\\\\\xx\\x\
\ FANAENRIANNRN NN BEIANANRANL AR FRRANANRNVRANANL Y t
ERARNNLAANANN AN IERSNARANSNRNSY ERENANRANN AR SN i
1 AANARTAANRS RN ARLLSANANAN SN MATEANNAANANNNS
AEANNNS BNRAARNANANNNY ANRANY
ERSNS NANYT WASSS AR i
1 SRR AR RN SN AY ARRRARNARNRA N S R e t
f TRAKIENNNNANS ARANINANNNY SATANNNANRNNNY
' ANy e SRR '
NN s N A SN !
' m NNEANNANY m AXANANR RN ARNNANY i
I INSSRNSY SHNSAENY TESNRNNY
| NN NANANY AR !
i S Ry MWW -~ !
PRI E e v TN 3 TXRXKTT i
AR NI NN RIT B XRIIHK XX PR CEXINEKEN
: JettetnrrialetteN atoraieieletetetelets evedateleteletadeded P i
1
g, !

Imaging region Imaging region Imaging region
center part middle part marginal part

Eexnn

Imaging region Imaging region Imaging region
center part middle part marginal part

T TTTTTTTTY Ty YT TTTT I r T RIGHRALIN I I 2 e e

ONPORODOND

>
3
COOOO MM

ATTAVRI N

ONDODOND

I!'IIl|0l||lll.wl|'|l!,|llx

URAAA AR RARY RARN UL uaR S XA

Laisatogalinalfandaaslaasltang
>
-
QOOODO

ikl

tddobid A Lt bt s A TRNNPRETE FRNTN S UUR S FEWEE NE W, i b b dodediddod i b bbbk ok

OCOOOO
ONDPOODND

-1.0-0500 05 1.0 -1.0-05 00 05 1.0 -1.0-05 0.0 05 1.0
Radius (um) Radius (um) Radius (um)




US 8,872,091 B2

1
SOLID-STATE IMAGING DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation application of PCT International
Application No. PCT/JP2011/000323 filed on Jan. 21, 2011,
designating the United States of America, which is based on
and claims priority of Japanese Patent Application No. 2010-
151396 filed on Jul. 1, 2010. The entire disclosures of the
above-identified applications, including the specifications,
drawings and claims are incorporated herein by reference in
their entirety.

FIELD

The present invention relates to a solid-state imaging
device used for a digital camera or the like.

BACKGROUND

With a spread of digital cameras and mobile phones with a
camera, the market for solid-state imaging devices has been
recently expanded significantly. Furthermore, single lens
reflex digital cameras in which various kinds of lenses rang-
ing from wide-angle lenses to telescopic lenses can be
exchanged in use are becoming popular.

Demands for slimmer digital cameras and the like have
been still high. In other words, this means that the lens used in
such a slimmer camera has a short focus, and that incident
light to the solid-state imaging device has a wide angle (when
measured with respect to the perpendicular axis of an incident
surface of the solid-state imaging device).

A solid-state imaging device such as a charge coupled
device (CCD) image sensor and a complementary metal
oxide semiconductor (CMOS) image sensor includes a two-
dimensional array of semiconductor integrated circuits (unit
pixels) each including a light receiving unit, and thereby
converts light signals from an object into electric signals.

Here, the solid-state imaging device has a sensitivity
defined based on the magnitudes of current output from the
light receiving elements with respect to the amounts of inci-
dent light. For this reason, reliably guiding incident light to
the light receiving elements is a very important factor for
increasing the overall sensitivity of the solid-state imaging
device.

In order to solve a problem which occurs in the case of
wide-angle incident light, a solid-state imaging device has
been proposed which includes gradient index lenses having a
fine structure smaller than or approximately the same as the
wavelength of incident light and thus having an effective
refractive index (see Patent Literature 1).

More specifically, the solid-state imaging device has, in the
center part of the imaging region, such a gradient index lens
that has an effective refractive index symmetrical to the center
point of the unit pixel. The gradient index lens is formed with
a combination of zones which respectively have the shapes of
concentric arcs each having a line width smaller than or
approximately the same as the wavelength of incident light.

More specifically, the solid-state imaging device has, in the
marginal part of the imaging region, such a gradient index
lens that has an effective refractive index asymmetrical to the
center point of the unit pixel. The gradient index lens is
formed with a combination of zones which respectively have
the shapes of concentric arcs each having a line width smaller
than or approximately the same as the wavelength of incident
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2

light, and the center point of the concentric arcs is shifted
(offset) from the center point of the unit pixel.

CITATION LIST
Patent Literature

[PTL 1]
Japanese Unexamined Patent Application Publication No.
2006-351972.

SUMMARY
Technical Problem

However, in the case of the solid-state imaging device
disclosed in Patent Literature 1, each of the unit pixels in the
imaging region thereof can guide, into a corresponding light
receiving element, wide-angle incident light passed through a
wide-angle lens. However, in the case of the solid-state imag-
ing device disclosed in Patent Literature 1, some of the unit
pixels in the imaging region thereof cannot guide, into the
corresponding light receiving element, telecentric incident
light passed through a telescopic lens (here, a main light ray
of the telecentric incident light is approximately parallel to
the optical axis).

In other words, the conventional solid-state imaging device
cannot properly guide two types of light rays having different
properties into its light receiving elements.

The present invention has been made to solve the afore-
mentioned problem with an aim to provide a solid-state imag-
ing device which is capable of guiding two types of light rays
having mutually different properties into its light receiving
elements.

Solution to Problem

In order to achieve the aforementioned aim, a solid-state
imaging device according to an aspect of the present inven-
tion performs imaging using light incident on an imaging
region formed on a flat surface. The solid-state imaging
device includes a plurality of unit pixels arranged two-dimen-
sionally in the imaging region. Each of the plurality of unit
pixels includes: a light receiving element; and a light collect-
ing element for guiding incident light to the light receiving
element. The light collecting element included in at least one
of the plurality of unit pixels is a multi-structural light col-
lecting element which includes a first light-transmissive film
group and a second light-transmissive film group arranged
adjacent to each other. Each of the first light-transmissive film
group and the second light-transmissive film group includes a
plurality of light-transmissive films each of which has a shape
of'an arc concentric about the center axis perpendicular to the
imaging region. The first light-transmissive film group and
the second light-transmissive film group have mutually dif-
ferent effective refractive index distributions for guiding at
least two types of incident light rays which make up the
incident light to the light receiving element. The first light-
transmissive film group and the second light-transmissive
film group share a boundary which is a straight line. The
boundary is orthogonal to a line which connects the center
point of the imaging region and the center point of the unit
pixel including the multi-structural light collecting element.

In other words, the light collecting element included in the
at least one of unit pixels includes the first light-transmissive
film group and the second light-transmissive film group adja-
cent to each other. The first light-transmissive film group and
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the second light transmissive film group have mutually dif-
ferent effective refractive index distributions for the purpose
of guiding the at least two types of incident light rays to the
light receiving element. The boundary between the first and
second light-transmissive film groups is the straight line, and
the straight-line boundary is orthogonal to the line which
connects the center point of the imaging region and the center
point of the unit pixel including the light collecting element.

Accordingly, the solid-state imaging device can guide such
two types of light rays having mutually different properties to
the light receiving element.

Preferably, the first light-transmissive film group should be
closer to the center point of the imaging region than the
second light-transmissive film group, and the second light-
transmissive film group should have a light refractive index
higher than a light refractive index of the first light-transmis-
sive film group.

Preferably, the unit pixel including the multi-structural
light collecting element should be disposed, in the imaging
region, at a part other than a center part of the imaging region.

Preferably, the position of the boundary in the multi-struc-
tural light collecting element should vary depending on the
distance from the center point of the imaging region to the
unit pixel including the multi-structural light collecting ele-
ment, and the position of the boundary in the multi-structural
light collecting element should be closer to the center point of
the unit pixel including the multi-structural light collecting
element when the position of the unit pixel including the
multi-structural light collecting element is closer to a mar-
ginal part of the imaging region.

Preferably, each of the light-transmissive films should have
the shape of the concentric arc having a width smaller than or
equal to the wavelength of incident light.

Preferably, the center axis of the first light-transmissive
film group and the center axis of the second light-transmissive
film group should be different from each other.

Preferably, when the unit pixel including the multi-struc-
tural light collecting element is disposed in the marginal part
of the imaging region, the boundary in the multi-structural
light collecting element should pass through the center point
of'the unit pixel including the multi-structural light collecting
element.

Preferably, the multi-structural light collecting element
should be a gradient index lens.

Advantageous Effects

The solid-state imaging device according to the present
invention is possible to guide two types of light rays having
mutually different properties to the light receiving devices
provided therein.

BRIEF DESCRIPTION OF DRAWINGS

These and other objects, advantages and features of the
invention will become apparent from the following descrip-
tion thereof taken in conjunction with the accompanying
drawings that illustrate a specific embodiment of the present
invention.

FIG. 1 is a diagram showing an exemplary structure of a
solid-state imaging device according to an embodiment.

FIG. 2 is a diagram for illustrating an exemplary center
part, middle part, and marginal part of an imaging region of
the solid-state imaging device.

FIG. 3 includes diagrams for illustrating an exemplary
structure of one of unit pixels arranged in the imaging region.
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FIG. 4 includes diagrams for illustrating exemplary unit
pixels arranged in the respective center part, middle part, and
marginal part of the imaging region.

FIG. 5 includes diagrams for illustrating exemplary unit
pixels arranged in the respective center part, middle part, and
marginal part of the imaging region.

FIG. 6 is a diagram showing an exemplary arrangement of
the unit pixels in the imaging region.

FIG. 7 is a diagram for illustrating an exemplary light
collecting element disposed at a D-end of the imaging region.

FIG. 8 is a graph showing exemplary incident angle depen-
dence with respect to light collection efficiency of the solid-
state imaging device.

FIG. 9 is a diagram showing an exemplary structure of a
camera having the solid-state imaging device.

FIG. 10 is a diagram showing an exemplary structure of a
general unit pixel formed in a solid-state imaging device
according to Comparison Example 1.

FIG. 11 is a graph showing exemplary incident angle
dependence with respect to light collection efficiency of a
solid-state imaging device using microlenses according to
Comparison Example 1.

FIG. 12 is a diagram showing an exemplary structure of an
exemplary unit pixel arranged in the marginal part of the
imaging region of the solid-state imaging device.

FIG. 13 is a diagram showing an exemplary structure of a
camera having a solid-state imaging device according to
Comparison Example 2.

FIG. 14 includes diagrams for illustrating exemplary unit
pixels arranged in the respective center part, middle part, and
marginal part of the imaging region.

FIG. 15 includes diagrams for illustrating exemplary unit
pixels arranged in the respective center part, middle part, and
marginal part of the imaging region.

DESCRIPTION OF EMBODIMENT

Hereinafter, an exemplary embodiment according to the
present invention is described in detail with reference to the
drawings. Although the present invention is described below
using the exemplary embodiment and drawings, the present
invention is not limited to these examples.

The solid-state imaging device according to this embodi-
ment performs imaging using light incident on an imaging
region formed on a flat surface. The solid-state imaging
device includes a plurality of unit pixels arranged two-dimen-
sionally in the imaging region. Each of the plurality of unit
pixels includes: a light receiving element; and a light collect-
ing element for guiding incident light to the light receiving
element. The light collecting element included in at least one
of the plurality of unit pixels is a multi-structural light col-
lecting element which includes a first light-transmissive film
group and a second light-transmissive film group arranged
adjacent to each other. Each of the first light-transmissive film
group and the second light-transmissive film group includes a
plurality of light-transmissive films each of which has a shape
of'an arc concentric about the center axis perpendicular to the
imaging region. The first light-transmissive film group and
the second light-transmissive film group have mutually dif-
ferent effective refractive index distributions for guiding at
least two types of incident light rays which make up the
incident light to the light receiving element. The first light-
transmissive film group and the second light-transmissive
film group share a boundary which is a straight line. The
boundary is orthogonal to a line which connects the center
point of the imaging region and the center point of the unit
pixel including the multi-structural light collecting element.
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FIG. 1 is a diagram showing an exemplary structure of a
solid-state imaging device 500 according to an embodiment.

With reference to FIG. 1, the solid-state imaging device
500 includes an imaging region R10. The imaging region R10
includes a region formed to have a flat surface. Onto the
imaging region R10, light passed through a lens (not shown)
is incident. The solid-state imaging device 500 performs
imaging using incident light onto the imaging region R10.

FIG. 2 is a diagram for illustrating an exemplary center
part, middle part, and marginal part of the imaging region
R10. The center part of the imaging region R10 is a region
R11 which is the center part of the imaging region R10. The
marginal part of the imaging region R10 is a region R12. The
middle part of the imaging region R10 is the region between
the region R11 and the region R12.

Hereinafter, the center part, the middle part, and the mar-
ginal part of the imaging region R10 are also referred to as an
imaging region center part, an imaging region middle part,
and an imaging region marginal part, respectively. Hereinaf-
ter, the four corners of the imaging region R10 are referred to
image corners or D-ends. Hereinafter, the ends in the Y-axis
direction in the imaging region R10 are referred to V-ends.
Hereinafter, the ends in the X-axis direction in the imaging
region R10 are referred to H-ends.

Hereinafter, the center point of the imaging region R10 is
referred to as a center point CP.

With reference to FIG. 1 again, a plurality of unit pixels 10
are arranged in rows and columns at a part other than the
center part (imaging region center part) in the imaging region
R10. In other words, the plurality of unit pixels are arranged
two-dimensionally in the imaging region R10.

FIG. 3 includes diagrams for illustrating an exemplary
structure of an exemplary one of the unit pixels 10.

In FIG. 3, (a) is a cross-sectional view of the unit pixel 10.

With reference to (3) of FIG. 3, the unit pixel 10 includes:
a semiconductor substrate 11, a light receiving element 12, a
wiring 13, a color filter 14, and a light collecting element 1.20.
The unit pixel 10 has a size of 5.6 [um] or so.

The light receiving element 12 is, for example, an Si pho-
todiode. The wiring 13 is formed using AL or Cu. The color
filter 14 allows passage of one of red light, green light, and
blue light.

The light collecting element [.20 guides light incident to
the light collecting element [.20 into the light receiving ele-
ment 12. The light collecting element [.20 is a gradient index
lens. For example, the light collecting element .20 has a
thickness of 1.2 [um]. The light collecting element [.20 is a
light collecting element (hereinafter also referred to as a
multi-structural light collecting element) including a light-
transmissive film group .21 and a second light-transmissive
film group 1.22 adjacent to each other.

As described above, the plurality of unit pixels 10 are
arranged in rows and columns in the part other than the center
part of the imaging region R10. In other words, at least one
unit pixel 10 including a multi-structural light collecting ele-
ment is arranged, in the imaging region R10, in the part other
than the center part of the imaging region R10.

In other words, the light collecting element included in the
at least one unit pixel arranged in the imaging region R10 is
the multi-structural light collecting element.

InFIG. 3, (b) is an exemplary top view of the light collect-
ing element [.20 included in the unit pixel 10 in the imaging
region R10.

The first light-transmissive film group .21 includes a plu-
rality of light-transmissive films .31 each of which has the
shape of an arc concentric about the center axis perpendicular
to the imaging region R10. The second light-transmissive film
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6

group [.22 includes a plurality of light-transmissive films .32
each of which has the shape of an arc concentric about the
center axis perpendicular to the imaging region R10.

In other words, each of the first light-transmissive film
group [.21 and the second light-transmissive film group 1.22
has a concentric arc structure.

The center axis of the first light-transmissive film group
[.21 and the center axis of the second light-transmissive film
group [.22 are arranged at different positions. The center axis
of the first light-transmissive film group [.21 and the center
axis of the second light-transmissive film group [.22 may be
arranged at the same position.

The boundary between the first light-transmissive film
group [.21 and the center axis ofthe second light-transmissive
film group 1.22 is a boundary SL.10 which is a straight line. In
other words, the boundary part between the first light-trans-
missive film group 121 and the center axis of the second
light-transmissive film group 1.22 is positioned along the
boundary SLL10.

The light-transmissive films [.31 and [.32 have silicon
dioxide (SiO,) as their main component. Each of the first
light-transmissive film group [.21 and the second light-trans-
missive film group 1.22 is formed, for example, based on the
volume ratio between SiO, (n=1.45) and air A30 (n=1.0).

In FIG. 3, (c) is an exemplary graph of effective refractive
index distributions of light incident to the imaging region R10
(light collecting element [.20). In (¢) of FIG. 3, the horizontal
axis shows the radii of the light-transmissive films. This effec-
tive refractive index distributions are described in detail later.

In (¢) of FIG. 3, the lefi-side effective refractive index
distribution starting at the position of 0.0 in the horizontal
axis is the effective refractive index distribution of the first
light-transmissive film group [.21. In addition, the right-side
effective refractive index distribution starting at the position
01 0.0 in the horizontal axis is the effective refractive index
distribution of the second light-transmissive film group [.22.

Each of the first light-transmissive film group 1.21 and the
second light-transmissive film group 122 have different
effective refractive index distributions of incident light. More
specifically, the first light-transmissive film group [.21 and
the second light transmissive film group [.22 have mutually
different effective refractive index distributions for the pur-
pose of guiding the at least two types of incident light rays to
the light receiving element 12.

Here, the two types of incident light rays includes wide-
angle incident light passed through a wide-angle lens and
telecentric incident light passed through a telescopic lens. In
other word, the two types of incident light rays have mutually
different properties.

In other words, the first light-transmissive film group [.21
has an effective refractive index distribution for guiding, into
the light receiving element 12, the at least two types of light
rays incident to the first light-transmissive film group L.21. In
other words, the second light-transmissive film group .22 has
an effective refractive index distribution for guiding, into the
light receiving element 12, the at least two types of light rays
incident to the second light-transmissive film group [.22.

FIG. 4 includes diagrams for illustrating exemplary unit
pixels arranged in the respective imaging region center part,
imaging region middle part, and imaging region marginal
part.

In FIG. 4, (a) is a cross-sectional view of the unit pixels
arranged in the respective imaging region center part, imag-
ing region middle part, and imaging region marginal part.

The aforementioned unit pixels 10 are arranged in the
respective imaging region middle part and imaging region
marginal part. In each of the unit pixels in the imaging region
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middle part and imaging region marginal part, the first light-
transmissive film group 1.21 is disposed closer to the center
point of the imaging region R10 than the second light-trans-
missive film group [.22.

In each of the unit pixels in the imaging region middle part
and imaging region marginal part, the first light-transmittive
film group [.21 refracts incident light T30 into incident light
LT31. Onto the light receiving element 12, the incident light
LT31 is incident.

In each of the unit pixels in the imaging region middle part
and imaging region marginal part, the second light-transmit-
tive film group [.22 refracts incident light T30 into incident
light LT 32. Onto the light receiving element 12, the incident
light I'T32 is incident.

In the imaging region R10, the refractive index of the light
collecting element is higher when the light collecting element
is disposed at a position more distant from the center point CP
of the imaging region R10.

In other words, the second light-transmissive film group
122 refracts light more significantly than the first light-trans-
missive film group [.21.

At the imaging region center part, a unit pixel 10N is
disposed. The unit pixel 10N is different from the unit pixel 10
in the point of including a light collecting element [.20N
instead of'the light collecting element .20 included in the unit
pixel 10. The other elements of the unit pixel 10N are the same
as those of the unit pixel 10, and thus detailed descriptions
thereof are not repeated here.

The light collecting element [.20N refracts the incident
light I'T30 into incident light ['T31 and incident light LT32.

InFIG. 4, (b) is an exemplary top view of the light collect-
ing elements included in the unit pixels arranged in the
respective imaging region center part, imaging region middle
part, and imaging region marginal part.

The light collecting element [.20N includes a plurality of
light-transmissive films .31N each of which has the shape of
an arc concentric about the center axis perpendicular to the
imaging region R10. As shown in (b) of FIG. 4, the circum-
ferential radius difference d1 of adjacent ones of the light-
transmissive film L31N is, for example, approximately 200
[nm].

The light collecting element [.20 of the unit pixel 10 at the
image region middle part and image region marginal part has
a concentric arc structure asymmetric to the boundary SL.10.
The position of the boundary SL10 in the multi-structural
light collecting element (light collecting element 1.20) varies
depending on the distance from the center point CP of the
imaging region R10 to the unit pixel 10 including the multi-
functional light collecting element (light collecting element
L.20).

More specifically, the position of the boundary SL.10 in the
multi-structural light collecting element (light collecting ele-
ment [.20) is closer to the center point of the unit pixel 10
including the multi-structural light collecting element (light
collecting element [.20) when the unit pixel 10 including the
multi-structural light collecting element (light collecting ele-
ment [.20) is disposed closer to the marginal part of the
imaging region R10. Here, the center point of the unit pixel 10
is the center point of the light collecting element .20 (see (b)
of FIG. 4) included in the unit pixel 10.

In addition, in the first light-transmissive film group .21
and the second light-transmissive film group [.22, the circum-
ferential radius differences d2 and d3 between adjacent ones
of'the light-transmissive films [.32 are smaller than the afore-
mentioned circumferential radius difference d1. In short, the
relationship of d1>d2>d3 is satisfied.
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Here, each of the light collecting element [.20 and the light
collecting element [.20N is divided into doughnut-shaped
segments each having a width corresponding to the circum-
ferential radius difference, and each of the doughnut-shaped
segments is referred to as a zone. Among the concentric arcs
of the light-transmissive films .32, the innermost concentric
arc of the light-transmissive film .32 disposed at the center
part of the light collecting element [.20 has the largest line
width. The light-transmissive film 1.32 disposed at a position
more distant from the center part of the light collecting ele-
ment .20 has a smaller line width.

In this case, when a current zone has a line width smaller
than or approximately equal to the wavelength of incident
light, the effective refractive index of the light incident to the
zone can be calculated based on the volume ratio between
SiO, (n=1.45) included in the light-transmissive film .32 and
air A30 (n=1.0).

In this way, the solid-state imaging device according to the
embodiment has a feature of being able to freely control
effective refractive index distributions only by changing the
line widths of the arcs in the concentric arc structure, that is by
changing the volume ratio between the light-transmissive
film and air.

It is to be noted that each of the concentric arc-shaped
light-transmissive films [.31 in the first light-transmissive
film group has a line width smaller than or equal to the wave
length of incident light A. Here, the incident light A is light
(for example, incident light I'T31 or incident light [T32)
incident to the light receiving element 12. It is to be noted that
each of the concentric arc-shaped light-transmissive films
.32 in the second light-transmissive film group .22 has aline
width smaller than or equal to the wave length of incident
light A.

In FIG. 4, (c) is an exemplary graph of effective refractive
index distributions of the light collecting elements included in
the unit pixels arranged in the respective imaging region
center part, imaging region middle part, and imaging region
marginal part.

For example, the parabola in the light collecting element
L20N of the unit pixel 10N at the imaging region center part
shows the effective refractive index for collecting incident
light at the focal length f, and is represented according to
Expression 1 shown below.

An(x)=An,,, [(Ax*+Bx sin 0)2x+C]

(A, B, C: Constants)
Here, An,,, . is a refractive index difference between air and
SiO, which is the material of the light-transmissive film. The
refractive index difference is assumed to be 0.45, as an
example.

In Expression 1, when the refractive index of the incident-
side medium is n,, and the refractive index of the emission-
side medium is n,, the parameters are represented according

to Expressions 2, 3, and 4 shown below.

(Expression 1)

A= (kg )/2f (Expression 2)
B=—kg, (Expression 3)
ko=27/) (Expression 4)

In this way, it is possible to optimize the lens for each ofthe
focal lengths f, the incident angles and wavelengths of the
target incident light. According to Expression 1, the compo-
nents of the collected light are represented as a quadric of the
distance x from the center point of the unit pixel in the cir-
cumference direction which is the direction from the center
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point to the periphery, and the components of the polarized
light are represented as the product of the distance x and a
trigonometric.

As shown in (¢) of FIG. 4, the imaging region center part
has an effective refractive index distribution symmetrical to
the center point of the unit pixel. In this way, the solid-state
imaging device is designed to have the imaging region having
unit pixels arranged symmetric to the center point of the light
receiving element as in the case of conventional microlenses
so that light is always incident onto the imaging region center
part in parallel to the optical axis.

For example, as shown in (a) of FIG. 4, in the light collect-
ing element [.20 disposed at the imaging region marginal part
(the H-end in FIG. 2) of the unit pixel 10, telecentric incident
light passes through the first light-transmissive film group
L.21 and the second light-transmissive film group [.22, and
forms a focus at a position (closer to the center point of the
imaging region R10) closer to the end of the light receiving
element 12. Here, the term “telecentric” is used to indicate
that the main light ray is approximately parallel to the optical
axis. In this way, incident light is collected so that focal points
of the respective light collecting elements are overlapped
with each other.

However, as shown in (a) of FIG. 5, in the imaging region
middle part and imaging region marginal part, the light inci-
dent angle varies depending on the properties of a lens after
exchange of lenses. Thus, the solid-state imaging device is
designed to have a higher refractive angle in the right-half part
of the light collecting element .20 so as to reduce the sym-
metry in the effective refractive indices in the part closer to the
imaging region marginal part.

For example, as shown in (a) of FIG. 5, in the light collect-
ing element [.20 disposed at the imaging region marginal part
(the H-end in FIG. 2) of the unit pixel 10, wide-angle incident
light passed through the first light-transmissive film group
[.21 and the second light-transmissive film group .22 forms
afocus ata position (closer to the marginal part of the imaging
region R10) closer to the end of the light receiving element
12.

InFIG. 5, (b) is an exemplary top view of the light collect-
ing elements included in the unit pixels arranged in the
respective imaging region center part, imaging region middle
part, and imaging region marginal part.

In FIG. 5, (¢) is an exemplary graph of effective refractive
index distributions of the light collecting elements included in
the unit pixels arranged in the respective imaging region
center part, imaging region middle part, and imaging region
marginal part.

FIG. 6 is a diagram showing an exemplary arrangement of
unit pixels in the imaging region R10. In other words, FIG. 6
shows an exemplary arrangement of the light collecting ele-
ments in the imaging region R10.

In the imaging region marginal part in the X-axis direction
in the imaging region R10, asymmetric light collecting ele-
ments [.20 are disposed along the Y-axis direction. In the
imaging region marginal part in the Y-axis direction in the
imaging region R, asymmetric light collecting elements [.20
are disposed along the X-axis direction.

In addition, in the imaging region middle part of the imag-
ing region R10, for example, the light collecting element [.20
shown in (b) of FIG. 4 is disposed. In addition, in the imaging
region center part of the imaging region R10, for example, the
light collecting element L20N shown in (b) of FIG. 4 is
disposed.

In other words, the position of the boundary SL.10 in the
multi-structural light collecting element (light collecting ele-
ment [.20) varies depending on the distance from the center
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point CP of the imaging region R10 to the unit pixel 10
including the multi-functional light collecting element (light
collecting element 1.20).

More specifically, the position of the boundary SI.10 in the
multi-structural light collecting element (light collecting ele-
ment [.20) is closer to the center point of the unit pixel 10
including the multi-structural light collecting element (light
collecting element [.20) when the unit pixel 10 including the
multi-structural light collecting element (light collecting ele-
ment 1.20) is disposed closer to the marginal part of the
imaging region R10.

In the solid-state imaging device 500 in this embodiment,
the multi-structural light collecting element (light collecting
element [.20) is configured such that the boundary SL.10 in
the multi-structural light collecting element (light collecting
element [.20) is orthogonal to the line which connects the
center point CP of the imaging region R10 and the center
point of the light collecting element .20 (unit pixel).

In other words, the multi-structural light collecting ele-
ment (light collecting element 1.20) is configured such that
the boundary between the adjacent sets of arcs having differ-
ent effective refractive indices of the arc-structured light col-
lecting element is orthogonal to the vectors of the coordinates
in the X-axis direction and Y-axis direction of the unit pixel.

In other words, the boundary SL.10 in the multi-structural
light collecting element (light collecting element 1.20) is
orthogonal to the line which connects the center point of the
imaging region R10 and the center point of the unit pixel
including the multi-structural light collecting element (light
collecting element 1.20).

In other words, the boundary SI.10 in the light collecting
element [.20 disposed at each of the D-ends in the imaging
region R10 is orthogonal to the vectors of coordinates in the
X andY directions of the unit pixel.

In addition, as shown in (b) of FIG. 4, the boundary S[.10
in the multi-structural light collecting element included in the
unit pixel 10 disposed at the marginal part of the imaging
region R10 passes through the center point of the unit pixel 10
disposed in the marginal part of the imaging region R10. In
other words, when the unit pixel including the multi-struc-
tural light collecting element is disposed at the marginal part
of the imaging region R10, the boundary SL.10 in the multi-
structural light collecting element passes through the center
point of the unit pixel including the multi-structural light
collecting element.

In this way, it is possible to achieve, in the entire imaging
region R10, light collection effect as explained with reference
to (a) of FIG. 4 and (a) of FIG. 5.

Here, a description is given of the light collecting element
[.20 disposed at a D-end of the imaging region R10.

FIG. 7 is a diagram for illustrating an exemplary light
collecting element [.20 disposed at the D-end of the imaging
region R10.

With reference to FIG. 7, the boundary SL.10 in the light
collecting element [.20 disposed at the D-end has a gradient
which varies depending on the ratio between the number of
perpendicular pixels and the number of horizontal pixels in
the imaging region R10.

Hereinafter, the ratio between the number of perpendicular
pixels and the number of horizontal pixels in the imaging
region R10 is referred to as an aspect ratio.

For example, when the aspect ratio is 1:1, that is, when the
number of perpendicular pixels and the number of horizontal
pixels in the imaging region R10 is equal to each other, the
boundary SL10 in the light collecting element [.20 disposed
at the D-end is parallel to the Y-axis rotated by 45 degrees
counterclockwise. With this structure, it is possible to achieve
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equivalent light collection effect all in the H-end, V-end, and
D-end of the imaging region R10.

FIG. 8 is a graph showing exemplary incident angle depen-
dence with respect to light collection efficiency of the solid-
state imaging device. In FIG. 8, the characteristic curve CL1
shows the characteristics of the light collection efficiency of
the solid-state imaging device 500 in this embodiment. The
characteristic curve CL2 shows, as an example, the charac-
teristics of the light collection efficiency of the solid-state
imaging device including unit pixels 10N (shown in (a) of
FIG. 4) which are arranged in the entire imaging region R10
and each of which includes a light collecting element.

In this way, the solid-state imaging device 500 in this
embodiment is capable of imaging a bright image even in the
marginal part due to flat light incident-angle characteristics as
shown in the characteristic curve CL1, even when the angle of
light incident to the unit pixels changes from a wide angle to
a telecentric angle (an angle approximately parallel to the
optical axis). In other words, even when the angle of light
incident to the unit pixels changes from the wide angle to the
telecentric angle, it is possible to prevent that the captured
image has a dark marginal part.

In this embodiment, the respective light-transmissive films
of'the light collecting element .20 respectively have concen-
tric arc shapes. However, these light-transmissive films may
respectively have concentric tetragonal, hexagonal, or
polygonal shapes instead of such arc shapes.

In this embodiment, the boundary in the light collecting
element [.20 may be formed either the light-transmissive film
.31 (L32) or air A30.

As described above with reference to the drawings, the
solid-state imaging device according to this embodiment per-
forms imaging using light incident on an imaging region
formed on a flat surface. The solid-state imaging device
includes a plurality of unit pixels arranged two-dimensionally
in the imaging region. Each of the plurality of unit pixels
includes: a light receiving element; and a light collecting
element for guiding incident light to the light receiving ele-
ment. The light collecting element included in at least one of
the plurality of unit pixels is a multi-structural light collecting
element which includes a first light-transmissive film group
and a second light-transmissive film group arranged adjacent
to each other. Each of the first light-transmissive film group
and the second light-transmissive film group includes a plu-
rality of light-transmissive films each of which has a shape of
an arc concentric about the center axis perpendicular to the
imaging region. The first light-transmissive film group and
the second light-transmissive film group have mutually dif-
ferent effective refractive index distributions for guiding at
least two types of incident light rays which make up the
incident light to the light receiving element. The first light-
transmissive film group and the second light-transmissive
film group share a boundary which is a straight line. The
boundary is orthogonal to a line which connects the center
point of the imaging region and the center point of the unit
pixel including the multi-structural light collecting element.

In this way, it is possible to guide two types of light rays
having mutually different properties to the light receiving
device. Accordingly, it is possible to capture an image that is
bright even at the marginal part even when the angle of
incident light to the unit pixels changes from a wide angle to
a telecentric angle.

Preferably, the first light-transmissive film group should be
closer to the center point of the imaging region than the
second light-transmissive film group, and the second light-
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transmissive film group should have a light refractive index
higher than a light refractive index of the first light-transmis-
sive film group.

Preferably, the unit pixel including the multi-structural
light collecting element should be disposed, in the imaging
region, at a part other than a center part of the imaging region.

Preferably, the position of the boundary in the multi-struc-
tural light collecting element should vary depending on the
distance from the center point of the imaging region to the
unit pixel including the multi-structural light collecting ele-
ment, and the position of the boundary in the multi-structural
light collecting element should be closer to the center point of
the unit pixel including the multi-structural light collecting
element when the position of the unit pixel including the
multi-structural light collecting element is closer to a mar-
ginal part of the imaging region.

Preferably, each of the light-transmissive films should have
the shape of the concentric arc having a width smaller than or
equal to the wavelength of incident light.

Preferably, the center axis of the first light-transmissive
film group and the center axis ofthe second light-transmissive
film group should be different from each other.

Preferably, when the unit pixel including the multi-struc-
tural light collecting element is disposed in the marginal part
of the imaging region, the boundary in the multi-structural
light collecting element should pass through the center point
of'the unit pixel including the multi-structural light collecting
element.

Preferably, the multi-structural light collecting element
should be a gradient index lens.

(Camera)

Next, a description is given of a camera (imaging device)
1000 including the solid-state imaging device 500 according
to the embodiment.

FIG. 9 is a diagram showing an exemplary structure of the
camera 1000 as an example. The camera 1000 is a digital still
camera. The camera 1000 is, for example, a single lens reflex
digital camera. The camera 1000 is not limited to a digital still
camera, and may be, for example, a digital video camera.

The camera 1000 includes an imaging lens [.300 and a
solid-state imaging device 500.

In FIG. 9, a position P1 corresponding to the center point
(the imaging region center part). A point P2 corresponds to an
imaging region middle part. A point P3 corresponds to an
imaging region marginal part (H-end).

The imaging lens [.300 is configured to support imaging in
the case where incident light is telecentric to the imaging
region R10 in the solid-state imaging device 500 (when the
main light ray of incident light is approximately parallel to the
optical axis).

COMPARISON EXAMPLE 1

A solid-state imaging device (not shown) according to
Comparison Example 1 is described below with reference to
the drawings. Hereinafter, the solid-state imaging device (not
shown) according to Comparison Example 1 is referred to as
a solid-state imaging device JN.

FIG. 10 is a diagram showing an exemplary structure of a
general unit pixel 710 formed in the solid-state imaging
device JN. Unit pixels 710 are arranged two-dimensionally
(in rows and columns) in an imaging region of the solid-state
imaging device JN.

As shown in FIG. 10, light (incident light 56 shown by
broken lines) perpendicularly incident onto a microlens 705
is separated by color filters 14 into color light rays each
having a red color (R), a green color (G), or a blue color (B),
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and the color light rays are converted by the light receiving
element 12 into electric signals. Such a microlens 705 is
generally used because the microlens 705 can provide a com-
paratively high light collection efficiency.

However, when the microlens 705 is used, the light collec-
tion efficiency decreases depending on light incident angles
of signal light. In other words, as shown in FIG. 11, it is
possible to collect light (the incident light 56 shown by the
broken lines) perpendicularly incident onto the lens highly
efficiently, but the light collection efficiency decreases in the
case of diagonally incident light (incident light 57 shown by
solid lines). This is because the diagonally incident light 57 is
blocked by a wiring 13 in the pixel and thus cannot reach the
light receiving element 12.

As described above, the unit pixels 710 are arranged two-
dimensionally (rows and columns) in the imaging region of
the solid-state imaging device JN. For this reason, in the case
of incident light having a wide angle, the unit pixel disposed
at the center part of the imaging region and each of the unit
pixels disposed at the marginal part of the imaging region
have different incident angles. This results in the problem that
the unit pixels disposed at the marginal part have a light
collection efficiency lower than that of the unit pixel disposed
at the center part.

FIG. 12 is a diagram showing an exemplary structure of the
unit pixel arranged in the marginal part of the imaging region
of a solid-state imaging device 710J. Incident light 58 is
incident onto the unit pixels arranged at the marginal part of
the imaging region with a large incident angle. Thus, the light
collection efficiency is increased by shifting (shrinking) the
wiring 13 and the light receiving element 12 in the outward
direction (end direction).

FIG. 11 is a graph showing exemplary incident angle
dependence with respect to light collection efficiency of the
solid-state imaging device 710J using microlenses 705. FIG.
11 shows that it is possible to highly efficiently collect inci-
dent light having an incident angle of approximately 20
degrees or less. However, FIG. 11 shows that the light collec-
tion efficiency of light having a larger incident angle dramati-
cally decreases.

In other words, the unit pixels disposed around the mar-
ginal part in the solid-state imaging device 710J collects an
amount of light which is approximately 40% of the amount of
light collected by the unit pixel disposed at the center part.
Thus, the overall sensitivity of the solid-state imaging device
710] is controlled by the sensitivity of the unit pixels around
the marginal part.

In addition, the overall sensitivity of the solid-state imag-
ing device 710] further decreases with decrease in the sizes of
the pixels. Thus, it is very difficult to apply the solid-state
imaging device 710J in a short-focus optical system such as a
small digital camera. Furthermore, as another problem, it is
impossible to manufacture circuits having a further shrunk
size.

However, the solid-state imaging device 500 according to
this embodiment solves the aforementioned problems. In
other words, the solid-state imaging device 500 makes it
possible to shrink the circuit scale more significantly than in
the case of the solid-state imaging device 710J. For this rea-
son, the solid-state imaging device 500 can be miniaturized
more than the solid-state imaging device 7101J.

COMPARISON EXAMPLE 2

A solid-state imaging device according to Comparison
Example 2 is described below with reference to the drawings.
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FIG. 13 is a diagram showing an exemplary structure of a
camera 1000J having the solid-state imaging device 710J
according to Comparison Example 2.

The camera 1000] is a digital still camera. The camera
1000J is, for example, a single lens reflex digital camera.

The camera 1000J includes an imaging lens .3003 and a
solid-state imaging device 710J. Hereinafter, the center part,
the middle part, and the marginal part of the imaging region
R710J] are also referred to as an imaging region center part, an
imaging region middle part, and an imaging region marginal
part, respectively. In FIG. 13, positions P11, P12, and P13 are
positions respectively corresponding to the imaging region
center part, the imaging region middle part, and the imaging
region marginal part.

FIG. 14 includes diagrams for illustrating exemplary unit
pixels 103 arranged in the respective imaging region center
part, imaging region middle part, and imaging region mar-
ginal part.

InFIG. 4, (a) is a cross-sectional view of the unit pixels 10J
arranged in the respective imaging region center part, imag-
ing region middle part, and imaging region marginal part.

The unit pixel 10J is different from the unit pixel 10 in (a)
of FIG. 3 in the point of including a light collecting element
[.20] instead of the light collecting element [.20 included in
the unit pixel 10. The other elements of the unit pixel 10J are
the same as those of the unit pixel 10, and thus the same
detailed descriptions are not repeated here.

In FIG. 14, (b) is an exemplary top view of the light col-
lecting elements [.20J included in the unit pixels arranged in
the respective imaging region center part, imaging region
middle part, and imaging region marginal part.

InFIG. 14, (c) is an exemplary graph of effective refractive
index distributions of the light collecting elements 1.20]
included in the unit pixels arranged in the respective imaging
region center part, imaging region middle part, and imaging
region marginal part.

As shown in FIG. 13, in the case of imaging lenses L.300L
for wide-angle incident light in the solid-state imaging device
710J according to Comparison Example 2, gradient index
lenses (light collecting elements 1.20J) having different effec-
tive refractive indices are respectively used in the imaging
region center part, imaging region middle part, and imaging
region marginal part as shown in (a) to (¢) of FIG. 14.

In this way, even when incident light is incident onto the
imaging region marginal part with a large (diagonal) angle
with respect to the perpendicular axis of the incident surface,
it is possible to collect the incident light to the light receiving
element 12, and thereby obtain sensitivity approximately
equal to the sensitivity of the center part of the solid-state
imaging device 710J.

However, although this lens is suitable for a case where
wide-angle light is incident in the camera 1000J, another type
of imaging lens may be used in a case where telecentric
incident light is incident onto the solid-state imaging device
7101].

FIG. 15 includes diagrams for illustrating exemplary unit
pixels 117J arranged in the respective imaging region center
part, imaging region middle part, and imaging region mar-
ginal part.

In FIG. 15, (a) is a cross-sectional view of the unit pixels
11J arranged in the respective imaging region center part,
imaging region middle part, and imaging region marginal
part.

The unit pixel 117 is different from the unit pixel 10J in the
point of including a light collecting element [.21]J instead of
the light collecting element [.20J included in the unit pixel
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10J. The other elements of the unit pixel 117J are the same as
those of the unit pixel 10J, and thus the same detailed descrip-
tions are not repeated here.

Hereinafter, the solid-state imaging device including unit
pixels 117J is also referred to as a solid-state imaging device J.

The unit pixels 11] are arranged in a matrix in the imaging
region of the solid-state imaging device 3.

In FIG. 15, (b) is an exemplary top view of the light col-
lecting elements [.21] included in the unit pixels 11J respec-
tively arranged in the imaging region center part, the imaging
region middle part, and the imaging region marginal part.

InFIG. 15, (c) is an exemplary graph of effective refractive
index distributions of the light collecting elements 1.21]
included in the unit pixels 11J respectively arranged in the
imaging region center part, the imaging region middle part,
and the imaging region marginal part.

The light collecting element [.21] is a gradient index lens
suitable for wide-angle incident light.

Inthis case, as shown in (a) to (¢) of FIG. 15, the solid-state
imaging device including the light collecting element 1.217J
has a problem of inevitably producing an image having a dark
marginal part because the unit pixels in the imaging region
marginal part can only receive light deflected greatly and thus
cannot guide a sufficient amount of light to the light receiving
element 12.

However, the solid-state imaging device 500 according to
this embodiment solves the aforementioned problems.

The light collecting element [.20 included in at least one of
the unit pixels 10 arranged in the imaging region R10 of the
solid-state imaging device 500 is configured to include a first
light-transmissive film group [.21 and a second light-trans-
missive film group .22 which are adjacent to each other.
More specifically, the first light-transmissive film group [.21
and the second light transmissive film group [.22 have mutu-
ally different effective refractive index distributions for the
purpose of guiding the at least two types of incident light rays
to the light receiving element 12.

In addition, the boundary between the first light-transmis-
sive film group 121 and the second light-transmissive film
group [.22 is a straight line, and the straight-line boundary
SL.10 is orthogonal to the line which connects the center point
of the imaging region R10 and the center point of the unit
pixel 10 including the light collecting element [.20.

Accordingly, the solid-state imaging device 500 can guide,
to the light receiving device, such two types of light rays
having mutually different properties after respectively pass-
ing through a wide-angle lens and a telescopic lense. In this
way, the solid-state imaging device 500 can increase the
brightness in the marginal part of a resulting image more
significantly than the solid-state imaging device J.

In other words, the solid-state imaging device 500 accord-
ing to this embodiment can support both the cases of wide-
angle incident light and telecentric incident light. In other
words, the solid-state imaging device 500 can support two
types of light rays having different refractive index distribu-
tions.

Although the solid-state imaging device 500 according to
the exemplary embodiment of the present invention has been
described above, the present invention is not limited to the
embodiment. Those skilled in the art will readily appreciate
that many modifications are possible in the exemplary
embodiment without materially departing from the novel
teachings and advantages of the present invention. Accord-
ingly, all such modifications are intended to be included
within the scope of the present invention. For example, all
embodiments obtainable by modifying the exemplary
embodiment and arbitrarily combining the structural ele-
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ments of different embodiments are included in the scope of
the present invention unless these embodiments materially
depart from the principles and spirit of the present invention.

The embodiment disclosed above is exemplary in all
respects, and thus is not intended to limit the present inven-
tion. The scope of the present invention is defined by the
Claims not by the Description, and all possible modifications
having equivalents to those in the Claims and within the scope
of the Claims are intended to be included in the present
invention.
Industrial Applicability

The solid-state imaging device according to the present
invention is applicable to digital still cameras, digital video
cameras, or mobile phones with a camera, and the like, and
thus is industrially applicable.

The invention claimed is:

1. A solid-state imaging device comprising:

a plurality of unit pixels arranged two-dimensionally in an
imaging region, and each of the plurality of unit pixels
including:

a light receiving element; and

a light collecting element for guiding incident light to the
light receiving element,

wherein the plurality of unit pixels includes a first unit pixel
disposed at a corner part of the imaging region and
having a first light collecting element,

the first light collecting element includes a first light-trans-
missive film group and a second light-transmissive film
group arranged adjacent to each other,

each of the first light-transmissive film group and the sec-
ond light-transmissive film group includes a plurality of
light-transmissive films each of which has a shape of an
arc concentric about a center axis perpendicular to the
imaging region,

the first light-transmissive film group and the second light-
transmissive film group have mutually different effec-
tive refractive index distributions,

the first light-transmissive film group and the second light-
transmissive film group share a first boundary which is a
straight line,

the first boundary is orthogonal to a line which connects a
center point of the imaging region and a center point of
the first unit pixel,

the first light-transmissive film group is closer to the center
point of the imaging region than the second light-trans-
missive film group, and

the second light-transmissive film group has a light refrac-
tive index higher than a light refractive index of the first
light-transmissive film group.

2. The solid-state imaging device according to claim 1,

wherein the plurality of unit pixels includes a second unit
pixel disposed, in the imaging region, at a part other than
a center part of the imaging region,

the second unit pixel includes a second light collecting
element,

the second light collecting element includes a third light-
transmissive film group and a fourth light-transmissive
film group arranged adjacent to each other,

each of the third light-transmissive film group and the
fourth light-transmissive film group includes a plurality
of light-transmissive films each of which has a shape of
an arc concentric about a center axis perpendicular to the
imaging region,

the third light-transmissive film group and the fourth light-
transmissive film group have mutually different effec-
tive refractive index distributions,
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the third light-transmissive film group and the fourth light-
transmissive film group share a second boundary which
is a straight line, and

the second boundary is orthogonal to a line which connects
the center point of the imaging region and a center point
of the second unit pixel.

3. The solid-state imaging device according to claim 2,

wherein a position of the second boundary in the second
light collecting element is closer to the center point of
the second unit pixel when a position of the second unit
pixel is closer to a marginal part of the imaging region.

4. The solid-state imaging device according to claim 3,

wherein each of the light-transmissive films has the shape
of the concentric arc having a width smaller than or
equal to a wavelength of incident light.

5. The solid-state imaging device according to claim 4,

wherein a center axis of the first light-transmissive film
group and a center axis of the second light-transmissive
film group are different from each other.

6. The solid-state imaging device according to claim 5,

wherein the first boundary in the first light collecting ele-
ment passes through the center point of the first unit
pixel.

7. The solid-state imaging device according to claim 6,

wherein the first light collecting element is a gradient index
lens.

8. The solid-state imaging device according to claim 1,

wherein the plurality of unit pixels includes a second unit
pixel disposed, in the imaging region, at a part other than
a center part of the imaging region,

the second unit pixel includes a second light collecting
element,

the second light collecting element includes a third light-
transmissive film group and a fourth light-transmissive
film group arranged adjacent to each other,

each of the third light-transmissive film group and the
fourth light-transmissive film group includes a plurality
of light-transmissive films each of which has a shape of
anarc concentric about a center axis perpendicular to the
imaging region,

the third light-transmissive film group and the fourth light-
transmissive film group have mutually different effec-
tive refractive index distributions,

the third light-transmissive film group and the fourth light-
transmissive film group share a second boundary which
is a straight line, and

the second boundary is orthogonal to a line which connects
the center point of the imaging region and a center point
of the second unit pixel.

9. The solid-state imaging device according to claim 8,

wherein a position of the second boundary in the second
light collecting element is closer to the center point of
the second unit pixel when a position of the second unit
pixel is closer to a marginal part of the imaging region.

10. The solid-state imaging device according to claim 1,

wherein each of the light-transmissive films has the shape
of the concentric arc having a width smaller than or
equal to a wavelength of incident light.

11. The solid-state imaging device according to claim 1,
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wherein a center axis of the first light-transmissive film
group and a center axis of the second light-transmissive
film group are different from each other.

12. The solid-state imaging device according to claim 1,

wherein the first boundary in the first light collecting ele-
ment passes through the center point of the first unit
pixel.

13. The solid-state imaging device according to claim 1,

wherein the first light collecting element is a gradient index
lens.

14. A solid-state imaging device comprising:

a plurality of unit pixels arranged two-dimensionally in an
imaging region, and each of the plurality of unit pixels
including:

a light receiving element; and

a light collecting element for guiding incident light to the
light receiving element,

wherein the plurality of unit pixels includes a first unit pixel
having a first light collecting element,

the first light collecting element includes a first light-trans-
missive film group and a second light-transmissive film
group arranged adjacent to each other,

each of the first light-transmissive film group and the sec-
ond light-transmissive film group includes a plurality of
light-transmissive films each of which has a shape of an
arc concentric about a center axis perpendicular to the
imaging region,

the first light-transmissive film group and the second light-
transmissive film group have mutually different effec-
tive refractive index distributions,

the first light-transmissive film group and the second light-
transmissive film group share a first boundary which is a
straight line, and

a position of the first boundary in the first light collecting
element is closer to the center point of the first unit pixel
when a position of the first unit pixel is closer to a
marginal part of the imaging region.

15. The solid-state imaging device according to claim 14,

wherein the first light-transmissive film group is closer to
the center point of the imaging region than the second
light-transmissive film group, and

the second light-transmissive film group has a light refrac-
tive index higher than a light refractive index of the first
light-transmissive film group.

16. The solid-state imaging device according to claim 14,

wherein each of the light-transmissive films has the shape
of the concentric arc having a width smaller than or
equal to a wavelength of incident light.

17. The solid-state imaging device according to claim 14,

wherein a center axis of the first light-transmissive film
group and a center axis of the second light-transmissive
film group are different from each other.

18. The solid-state imaging device according to claim 14,

wherein the first light collecting element is a gradient index
lens.



